Molecular mechanisms of apoptosis may participate in motor neuron degeneration produced by mutant copper/zinc superoxide dismutase (mSOD1), the only proven cause of amyotrophic lateral sclerosis (ALS). Consistent with this, herein we show that the spinal cord of transgenic mSOD1 mice is the site of the sequential activation of caspase-1 and caspase-3. Activated caspase-3 and its produced ␤-actin cleavage fragments are found in apoptotic neurons in the anterior horn of the spinal cord of affected transgenic mSOD1 mice; although such neurons are few, their scarcity should not undermine the potential importance of apoptosis in the overall mSOD1-related neurodegeneration.
Amyotrophic lateral sclerosis (ALS) is a fatal paralytic disease characterized by a progressive loss of spinal cord motor neurons (Rowland, 1995) . Important insights into its pathogenesis come from the discovery that missense mutations in copper/zinc superoxide dismutase (SOD1) are linked to familial ALS Rosen et al., 1993) and that overexpression of different SOD1 mutants (mSOD1) in mice replicate the clinical and pathological hallmarks of ALS (Brown, 1995) . mSOD1 cytotoxicity is not triggered by a loss of enzymatic activity or by a dominant negative mechanism but rather by a gain of function (Brown, 1995) presumably related to oxidative stress (Wiedau-Pazos et al., 1996; Yim et al., 1996) , protein aggregation (Durham et al., 1997) , aberrant protein-protein interactions (Kunst et al., 1997) , or decreased binding affinity for zinc (Estevez et al., 1999) .
As illustrated below, mounting evidence indicates that mSOD1-induced spinal cord motor neuron death involves, at least in part, the apoptotic molecular machinery. For instance, overexpression of mSOD1, but not of wild-type SOD1 (wtSOD1), kills cells by apoptosis in both immortalized cell lines and primary neuronal cultures (Rabizadeh et al., 1995; Mena et al., 1997) . The overexpression of the anti-apoptotic protein Bcl-2 in transgenic mSOD1 mice delays the onset of ALS symptoms by retarding the loss of myelinated nerve fibers and the death of spinal cord motor neurons, thus prolonging survival (Kostic et al., 1997) . Caspase-1 is activated in mSOD1-transfected neuroblastoma cells subjected to oxidative stress and in spinal cords of affected transgenic mSOD1 mice (Pasinelli et al., 1998) , whereas overexpression of a dominant negative mutant of caspase-1 prolongs survival of transgenic mSOD1 mice (Friedlander et al., 1997) , and, as we showed recently, chronic infusion of a pan-caspase inhibitor to these mice provides significant neuroprotection (Li et al., 2000) .
By virtue of its downstream position within the caspase cascade, caspase-3 activation plays a critical role in the apoptotic process (Hakem et al., 1998; Kuida et al., 1998) . In support of its important role in apoptosis in many types of neurons is the demonstration that mutant mice deficient in caspase-3 exhibit severe brain abnormalities because of a marked decrease in developmental neuronal death (Kuida et al., 1996) . Activation of caspase-3 also occurs in several experimental models of acute neurological disorders such as strokes, head trauma, and epilepsy; caspase-3 inhibition, by specific synthetic antagonists, is beneficial in all of these conditions (Gillardon et al., 1997; Yakovlev et al., 1997; Namura et al., 1998) . However, whether caspase-3 is activated in a chronic neurodegenerative process such as in ALS is not yet known.
In the present study, we demonstrate (1) that caspase-1 and caspase-3 are activated sequentially in the spinal cords of affected transgenic mSOD1 mice, (2) that activated caspase-3 is localized within neurons of the anterior horn that exhibit apoptotic features, and (3) that overexpression of Bcl-2 delays caspase activation in these animals. Collectively, our data indicate that activation of caspase-3 is a prominent feature of mSOD1-induced neurodegeneration.
MATERIALS AND METHODS
Animals. Three lines of hemizygote transgenic mice were used: (1) line B6SJL-TgN (SOD1-G93A)1Gur (Jackson Laboratories, Bar Harbor, M E), which carries the point mutation Gly3 Ala at codon 93 of the human SOD1 gene and expresses ϳ18 copies of human mSOD1 gene (Gurney et al., 1994) ; (2) line B6SJL-TgN (SOD1-G93A)2Gur (Jackson Laboratories), which carries Ͼ10 copies of human wild-type SOD1 gene (Gurney et al., 1994) ; and (3) line bcl-2-57, which carries Ͼ16 copies of the human bcl-2 gene (Martinou et al., 1994) and which were back-crossed more than five times with B6SJL mice (Jackson Laboratories). Also, some transgenic mSOD1 mice were crossed with transgenic bcl-2 to produce transgenic mSOD1/ bcl-2 mice. On postnatal day 14 all mice were genotyped as performed by Kostic et al. (1997) .
Total R NA preparation and RT-PCR for caspase-1 and caspase-3 and ␤-actin. Total RNA from both spinal cord and cerebellum of the different groups of mice were prepared with the RNeasy kit (Qiagen, Valencia, CA) according to the manufacturer's instructions. First-strand cDNA were synthesized by using SuperScript II RNase H-reverse transcriptase (Life Technologies, Gaithersburg, MD) according to the manufacturer's instructions. Then 1 l of cDNA template was amplified by PCR in a 20 l total reaction volume containing 18 l of Supermix (Life Technologies), 10 fmol of [ 32 P]dC TP (N EN-DuPont, Wilmington, DE), and 10 pmol of each specific primer (Life Technologies). The caspase-3 primer sequences were 5Ј-GTCCAGGGAGAAGGAC TCG-3Ј (forward) and 5Ј-CATC TCGC -TC TGGTACGG-3Ј (reverse). The caspase-1 primer sequences were 5Ј-GTGTC TTGGAGACATC TG-3Ј (forward) and 5Ј-AGCAGTGGGC -ATC TGTAGCC -3Ј (reverse). As an internal control, ␤-actin cDNA was coamplified with primer sequences 5Ј-C TTTGATGTCACGCACGAT-TTC-3Ј (forward) and 5Ј-GGGCCGC TC TAGGCACCAA-3Ј (reverse). All primers were mouse-specific and intron-spanning and were designed on the basis of reported sequences available from the GenBank database. To control for the specificity of the PCR reaction, we performed the reaction by using normal mouse genomic DNA and mRNA subjected to cDNA synthesis without RT; neither reaction produced caspase-1, caspase-3, or ␤-actin PCR products. The conditions for each PCR amplification resulted in an exponential amplification range for quantification of each mRNA. After amplification, the products were separated on a 5% polyacrylamide gel. Bands were visualized and quantified by a Bio-Rad Phosphor Imager (Hercules, CA).
Western blot anal ysis of caspase-1 and caspase-3. Mouse spinal cord and cerebellum protein extracts were prepared as described (Ara et al., 1998) . Proteins (50 -200 g) were separated on a 10% SDS-polyacrylamide gel electrophoresis and transferred to nitrocellulose membrane as in Ara et al. (1998) . Blots were probed with either anti-caspase-1 p20 antibody (1:1000; M-19, Santa Cruz Biotechnology, Santa Cruz, CA) or anti-caspase-3 antibody (1:1000; PharMingen, San Diego, CA), which recognize both the pro-caspases and their cleaved products. Bound primary antibody was detected, using a horseradish-conjugated anti-IgG antibody (1:2000 dilution; Amersham, Arlington Heights, IL) and a chemiluminescent substrate (SuperSignal Ultra, Pierce Chemical, Rockford, IL). X-ray films (Kodak BioMax MS, Rochester, N Y) were scanned on a HP-4C Scanjet, and bands were quantified by using the N IH-Image 1.62 software (Bethesda, MD).
Caspase-1, caspase-3, and f ractin immunohistochemistr y. These were performed by following our standard protocol as previously described (Kostic et al., 1997) . In brief, after being fixed by perf usion, the spinal cords were dissected out from the spine on ice, post-fixed by immersion in 4% paraformaldehyde in phosphate buffer, pH 7.1 (PB; for 4 hr at 4°C), cryoprotected in 20% (w/ v) sucrose in PB, and frozen by immersion in isopentane cooled on dry ice. Frozen spinal cord samples were cut (40 m) in a cryostat; 10 -20 serial sections from lumbar (L3) levels were collected in ice-cold PB free-floating and then successively rinsed (three times for 5 min each) in 0.1 M PB, pH 7.4, containing 9 gm / l NaC l (PBS), incubated in 3% normal serum (NS) in PBS (60 min at 25°C), and incubated overnight (4°C) in a rabbit polyclonal anti-pro-caspase-1 (Santa Cruz Biotechnology), a rabbit polyclonal anti-caspase-3 antibody (Upstate Biotechnology, Lake Placid, N Y) recognizing the pro-form, the custom-made affinity-purified C M1 antibody (gift from Dr. Srinivasan, Idun Pharmaceuticals, La Jolla, CA) that selectively recognizes the 17 kDa cleaved fragment of caspase-3 , or the custom-made affinitypurified anti-fractin antibody (gift from Dr. Cole, Department of Medicine, UCL A, L os Angeles, CA) that selectively recognizes a 32 kDa C -terminal fragment of ␤-actin (Yang et al., 1998) . All primary antibodies were diluted in PBS containing 3% NS. After three 5 min rinses in PBS the sections were incubated successively (1 hr at 25°C) in biotinylatedconjugated polyclonal anti-IgG antibody (1:200; Vector, Burlingame, CA), rinsed (three times for 5 min each) in PBS, incubated in horseradishconjugated avidin / biotin complex (Vector), rinsed again (three times for 5 min each) in PBS, and incubated in diaminobenzidine/ H 2 O 2 . Spinal cord sections from nontransgenic mouse embryos of gestational age day 20 were used as positive control for apoptotic cells. Some sections also were coincubated with anti-C M1 or fractin antibody and anti-neurofilament (1:1000, monoclonal; Sternberger Monoclonal., Baltimore, MD), GFAP (1:500, monoclonal; Boehringer Mannheim, Indianapolis, I N) or M AC -1 (1:250, monoclonal; Serotec, Raleigh, NC). Then the sections were incubated with a Texas Red-conjugated anti-mouse antibody and a biotinylated-conjugated anti-rabbit antibody with fluorescein-conjugated avidin (Vector).
Quantitative morpholog y. Spinal segments were identified by location of spinal roots and by the characteristic morphology of the spinal cord. Because the number of C M1-and fractin-positive cells in the spinal cord at any given time was very small, we could not use our stereological method (Mandir et al., 1999 ); instead we have used our previously published assumption-based method (Przedborski et al., 1996) , following strict guidelines (Coggeshall and Lekan, 1996) to ensure the validity of our quantification technique. All sections were counterstained with thionin. In brief, the spinal cord neuronal counts were performed manually and blinded to the mouse category (i.e., transgenic vs nontransgenic). For each mouse at least 10 C M1-and fractin-immunostained and Nissl-stained sections at L3 were analyzed by scanning the entire anterior horn on both sides at 400ϫ magnification. For each section, right and left counts of motor neurons were averaged. The averaged number of motor neurons in each L3 section was added and then divided by the number of sections that were used to express the results as number of motor neurons per section.
Caspase-1 and caspase-3 activities. These were assessed in spinal cord and cerebellum of different groups of mice and at different ages by using fluorogenic assays as previously described (Stefanis et al., 1996) with minor modifications. PC -12 cell lysates, isolated from cells subjected to serum withdrawal (Stefanis et al., 1996) , were used as a positive control. Proteins from tissue samples were prepared as for cell lysates, but with the inclusion in the extraction buffer of 0.1% Triton X-100. After ultracentrif ugation (160,000 ϫ g for 20 min), proteins from the soluble fraction (100 g) were incubated at 37°C in 1 ml of reaction buffer (25 mM H EPES, pH 7.5, 0.1% CHAPS, 10 mM dithiothreitol, and 10% sucrose). Each sample was preincubated for 30 min at 37°C with or without presence of 20 M of specific inhibitor (Z-DEV D-FM K for caspase-3 and Z-YVAD-FM K for caspase-1; Enzyme Systems Products, Livermore, CA). Then the samples were incubated with fluorogenic substrates: 15 M Ac-DEV D-AFC for caspase-3 and 15 M Ac-YVAD-AFC for caspase-1 (Enzyme Systems Products). C leavage of the substrate was monitored over time in a SL M 8000 fluorimeter (excitation 400 nm, emission 505 nm) as previously described (Stefanis et al., 1996) .
Statistical anal ysis. All values are expressed as the mean Ϯ SEM. Differences among means were analyzed with one-or two-way ANOVA with time, treatment, or genotype as the independent factors. When ANOVA showed significant differences, pair-wise comparisons between means were tested by Newman -Keuls post hoc testing. In all analyses the null hypothesis was rejected at the 0.05 level.
RESULTS

Time course of behavioral abnormalities in transgenic mSOD1 mice
Consistent with our previous studies (Kostic et al., 1997) , the first behavioral abnormalities in these animals, which occurred between 12 and 14 weeks of age, were a fine tremor in and posturing of at least one limb when the animal was held in the air by the tail. After the beginning of these symptoms, weakness and atrophy progressed, leading to end-stage over ϳ8 weeks. At that point, the animals were between 20 and 22 weeks old and were so severely paralyzed that they could not eat, drink, or move freely and thus were killed.
Caspase-1 and caspase-3 mRNA levels in transgenic mSOD1 mice In connection to the described course of disease, we found that expression of caspase-1 and caspase-3 mRNA did not differ in the spinal cords of asymptomatic transgenic mSOD1 mice of 12 weeks of age as compared with age-matched nontransgenic controls (Fig.  1) . In contrast, expression of caspase-1 and caspase-3 mRNA appeared elevated in both early symptomatic and end-stage trans- genic mSOD1 mice as compared with their age-matched nontransgenic controls (Fig. 1) . Overall, these increases seemed most prominent for caspase-3 in early symptomatic transgenic mSOD1 mice (Fig. 1) . In contrast to the spinal cord, the cerebellum from end-stage transgenic mSOD1 mice showed levels of caspase-1 and caspase-3 mRNA comparable with age-matched nontransgenic controls (data not shown). In addition, ϳ25-week-old transgenic wt-SOD1 mice had spinal cord expression of caspase-1 and caspase-3 mRNA comparable with age-matched nontransgenic controls (data not shown).
Activation of caspase-1 and caspase-3 in transgenic mSOD1 mice
Caspase-1 and caspase-3 are synthesized, respectively, as 45 and 32 kDa full-length inactive polypeptides (Kidd, 1998) . Both procaspases are cleaved during activation, generating proteolytic fragments of 20 and 10 kDa for caspase-1 and of 17 and 10 kDa for caspase-3 (Kidd, 1998) . In 4-week-old asymptomatic transgenic mSOD1, we detected by Western blot analysis the full-length 45 kDa caspase-1 and 32 kDa caspase-3 in spinal cord extracts (Fig. 2) . Over the next 8 weeks the levels of pro-caspase-1 and pro-caspase-3 did not change significantly as compared with the nontransgenic controls (Fig. 2) . Thereafter, levels of both pro-caspases rapidly declined, reaching a nadir at the beginning of symptoms (i.e., ϳ14 weeks), and remained low until end-stage (i.e., ϳ22 weeks). In contrast, there was a significant time-related change in the levels of caspase-1 and caspase-3 cleavage products in the spinal cords of transgenic mSOD1 mice (Fig. 2) . Neither the 20 kDa fragment from caspase-1 nor the 17 kDa fragment from caspase-3 could be detected in any of the transgenic mSOD1 mice before the age of 6 weeks ( Fig. 2 ), yet the 20 kDa fragment from caspase-1 appeared by ϳ6 weeks of age, followed by the appearance of the 17 kDa fragment from caspase-3 by ϳ10 weeks of age (Fig. 2) . From then on, both levels increased steadily over time, reaching a maximum at the beginning of symptoms and remaining significantly elevated at end-stage (Fig. 2) . In the cerebellum of end-stage transgenic mSOD1 mice as well as in the spinal cords of age-matched transgenic wtSOD1 mice, levels of pro-caspase-1 and pro-caspase-3 did not differ from age-matched nontransgenic controls; no cleavage products could be detected.
Increased caspase-1 and caspase-3 activity in transgenic mSOD1 mice
In 4-week-old asymptomatic transgenic mSOD1 mice, spinal cord caspase-1-like and caspase-3-like activity was comparable with that in nontransgenic controls (Fig. 3) . However, as early as 6 weeks of age, the spinal cord caspase-1-like activity in transgenic mSOD1 mice began to increase progressively until it stabilized at a maximum by the onset of symptoms (Fig. 3) . By contrast, it was only by 10 weeks of age that caspase-3-like activity became elevated significantly in the spinal cords of transgenic mSOD1 mice (Fig. 3) . Thereafter, caspase-3-like activity followed similar kinetics to caspase-1-like activity (Fig. 3) . Both the magnitude and the rate of increase of caspase-3-like activity were greater than those of caspase-1-like activity (Fig. 3) . In the cerebellum of end-stage transgenic mSOD1 mice and in the spinal cords of age-matched transgenic wtSOD1 mice, the activity of caspase-1 and caspase-3 did not differ from age-matched nontransgenic controls.
High expression of pro-caspase-1 and pro-caspase-3 in spinal cord motor neurons
To provide more detailed information regarding the cellular localization of caspase-1 and caspase-3, we first examined the spinal cords of both transgenic mSOD1 and wild-type mice by immunohistochemistry, using antisera that recognize pro-caspase-1 or procaspase-3. In asymptomatic transgenic mSOD1 mice and their wild-type counterparts, specific immunoreactivity for both procaspases was observed in spinal cord throughout the gray matter within neurons and neuropils (Fig. 4 A,B,D,E) . Large motor neurons of the anterior horn showed intense pro-caspase-1 and procaspase-3 immunoreactivity (Fig. 4 B,E) . All other spinal cord neurons showed mild pro-caspase-1 and pro-caspase-3 immunoreactivity (Fig. 4 A,D) . In early symptomatic and end-stage transgenic mSOD1 mice, the greater the loss of motor neurons, the smaller the number of pro-caspase-1 and pro-caspase-3 immunoreactive neurons (Fig. 4C,F ) .
Active caspase-3 and ␤-actin fragment in motor neurons of transgenic mSOD1 mice
We also examined the spinal cords of both transgenic mSOD1 and wild-type mice by immunohistochemistry, using an antibody directed against the 17 kDa cleavage fragment of active caspase-3 (CM1 antibody; Srinivasan et al., 1998) ; no antibody for active caspase-1 was available. In asymptomatic transgenic mSOD1 mice and in nontransgenic controls, CM1 immunoreactivity was barely detectable above background (Fig. 4G) . By contrast, in early symptomatic and to a lesser extent in end-stage transgenic mSOD1 mice, numerous cells in the spinal cord showed strong immunoreactivity for CM1 (Table 1 ; Fig. 4G, inset) . These CM1-positive cells were localized primarily in the anterior horn and had a morphology reminiscent of neurons. Confirming their neuronal origin is the fact that most CM1-positive cells were immunoreactive for neurofilament, whereas none were immunoreactive for the astrocytic marker glial fibrillary acidic protein (GFAP) or the microglial marker macrophage antigen-1 (MAC-1; Fig. 4G,I ). Furthermore, all CM1-positive neurons exhibited definite morphology of apoptotic neurons (Macaya et al., 1994) in that they showed small cell bodies and nuclei with variable numbers of basophilic nucleic chromatin clumps (Fig. 4G, inset) . No CM1-positive cells could be detected in the cerebellum of end-stage transgenic mSOD1 mice or the spinal cord of age-matched transgenic wtSOD1 mice.
To confirm that CM1 immunostaining reflected active caspase-3, we immunostained spinal cord sections with an antibody directed against fractin, a protein fragment that is generated specifically after the cleavage of ␤-actin by active caspase-3 (Yang et al., 1998) . In asymptomatic transgenic mSOD1 mice and nontransgenic controls, no fractin immunoreactive cells were observed. In contrast, in both early symptomatic and end-stage transgenic mSOD1 mice, numerous fractin immunoreactive cells exhibiting similar morphological characteristics to CM1-positive cells were found in the anterior horn (Table 1; Fig. 4 H, inset) .
Bcl-2 overexpression delays caspase activation in transgenic mSOD1 mice
Although transgenic mSOD1 mice reached end-stage by ϳ25 weeks of age, at that time transgenic mSOD1/Bcl-2 mice were affected only minimally and reached end-stage much later, by 30 weeks of age. Contrasting with end-stage transgenic mSOD1 mice, agematched transgenic mSOD1/Bcl-2 mice showed minimal cleavage of caspase-1 or caspase-3 and diminished caspase-1-and caspase-3-like activity (Fig. 5) . In addition, there were significantly fewer CM1-and fractin-positive cells in 25-week-old transgenic mSOD1/ Bcl-2 mice than in end-stage transgenic mSOD1 mice (Table 1) . However, end-stage 30-week-old transgenic mSOD1/Bcl-2 mice had levels of caspase cleavage products, caspase-like activity, and numbers of CM1-and fractin-positive cells comparable with 25-week-old end-stage transgenic mSOD1 (Table 1; Fig. 5) .
DISCUSSION
The present study shows that both pro-caspase-1 and -3 are expressed constitutively in the spinal cords of normal mice (see Fig.  4 ) and that caspase-1 and -3 mRNA levels are unchanged or slightly increased during the course of the disease in transgenic mSOD1 mice (see Fig. 1 ). Immunolabeling for both pro-caspases was found in the neuropil and within numerous cells with a neuronal morphology throughout the gray matter of the spinal cords. Procaspase immunoreactivity was most intense in large motor neurons of the anterior horn, the known primary targets of the neurodegenerative process in ALS. In contrast to the abundance of procaspase-positive neurons in the anterior horn of normal animals, only a few of these neurons were seen in early symptomatic transgenic mSOD1 mice and even fewer in end-stage transgenic mSOD1 mice (see Fig. 4 ). This observation is consistent with the fact that spinal cord of symptomatic transgenic mSOD1 mice is the site of a dramatic loss of primarily, but not exclusively, large motor neurons (Morrison et al., 1996) .
This study also shows pro-caspase-1 and pro-caspase-3 cleavage products and increased caspase-1-like and caspase-3-like activity in spinal cord homogenates of transgenic mSOD1 mice during the neurodegenerative process (see Figs. 2, 3 ). Active caspase-1 and caspase-3 were found only in diseased areas of the nervous system of transgenic mSOD1 mice, because cerebellum, which is devoid of neuropathological changes in this model , did not show any evidence of pro-caspase cleavage products or increased caspase-like activity in end-stage transgenic mSOD1 mice (see Fig. 2 ). We also demonstrate that caspase activation is related to the expression of the mutant protein and not to increased SOD1 enzymatic activity, because age-matched transgenic wt-SOD1 mice showed no pro-caspase cleavage products and no increased caspase-like activity in any region that was studied (data not shown). Activation of both caspases culminated in 14-week-old transgenic mSOD1 mice (see Figs. 2, 3) , the age at which the most active wave of motor neuron death occurs in these animals (Kong and Xu, 1998) . Given the essential role played by active caspases, and especially active caspase-3, in neuronal death in a large variety of experimental and pathological situations, our data suggest that caspase-1 and caspase-3 activation could be instrumental in mSOD1-induced neurodegeneration.
Of note, active caspase-1 was detected in the spinal cord of transgenic mSOD1 mice ϳ4 weeks before any evidence of caspase-3 activation by immunoblot and enzymatic assay (see Figs.  2, 3) . Activation of caspase-1 preceding that of caspase-3 has been observed previously in a mouse lymphoma-derived cell line subjected to Fas activation (Enari et al., 1996) and in rat hippocampal neuronal cultures exposed to staurosporine (Krohn et al., 1998) . The appearance of active caspase-1 before active caspase-3 could indicate that, in this mouse model of ALS, caspase activation proceeds in a sequential manner. It also suggests the possibility that caspase-3 activation depends on the previous presence of caspase-1-like activity. Relevant to this is the demonstration that active caspase-1 can cleave pro-caspase-3, thus activating caspase-3 (Xue et al., 1996) .
Early activation of caspase-1 occurred while transgenic mSOD1 mice still showed no gross behavioral abnormalities or neuronal loss (Kong and Xu, 1998) . This observation raises the question as to the role of active caspase-1 in the neurodegenerative process in transgenic mSOD1 mice. Aside from its role in cell death, active caspase-1 and the product of its substrate, the cytokine interleukin-1␤, possess pro-inflammatory properties (Li et al., 1995) . However, it is unlikely that the early appearance of active caspase-1 is involved primarily in inflammation because inflammatory events such as gliosis arise much later in the course of the disease, paralleling but not preceding the loss of motor neurons (Almer et al., 1999; Levine et al., 1999) . Alternatively, in the chronic neurodegenerative disorder Huntington's disease, the inhibition of caspase-1 delays the appearance of neuronal inclusions, neurotransmitter receptor alterations, and the onset of symptoms (Ona et al., 1999) , indicating a role for caspase-1 in neuronal dysfunction in this condition. A similar scenario can apply to active caspase-1 in transgenic mSOD1 mice because, before any detectable loss of motor neurons, these animals exhibit a marked decrement in their motor abilities (Kong and Xu, 1998) . During the neurodegenerative process in transgenic mSOD1 mice, aside from the loss of neurons, there is also an intense glial reaction (Almer et al., 1999) . It is thus important to emphasize that active caspase-3, as evidenced by CM1 immunostaining, was found essentially within neurons and not within glial cells in the anterior horn of the spinal cords of symptomatic transgenic mSOD1 mice (see Fig. 4 ). The number of active caspase-3-positive neurons was greater in early symptomatic than in end-stage transgenic mSOD1 mice (Table 1) , a finding that agrees with the magnitude of caspase cleavage and enzymatic activity found at these two stages of the disease (see Figs. 2, 3) . However, although the absolute number of active caspase-3-positive neurons decreased during the progression of the neurodegenerative process (see Table 1 ), their proportion relative to the number of remaining motor neurons increased, suggesting that more neurons are actually dying at end-stage as compared with the beginning of symptoms.
Active caspase-3 was found within neurons showing shrunken cell bodies and nuclei and prominent basophilic chromatin clumps (see Fig. 4 ), all hallmarks of apoptosis (Jackson- . Relevant to this finding is the demonstration of caspase-3 activation within apoptotic motor neurons in the anterior horn of the spinal cord and in the motor cortex from human ALS postmortem samples (Martin, 1999) . However, although unquestionably present, apoptotic cells in these animals were not abundant (see Table 1 ) and thus easily can be missed (Migheli et al., 1999) . Because the half-life of apoptotic cells is short (Wyllie et al., 1980) , one cannot extrapolate from their numbers either the number of neurons dying by apoptosis or the number of motor neurons dying at any given time. Furthermore, a previous study (Chiu et al., 1995) reported that only a small number of motor neurons die at any given time in the spinal cord of affected transgenic mSOD1 mice. Consequently, we would not expect to find a much greater number of apoptotic profiles per tissue section than what is reported in Table 1 . Accordingly, the scarcity of apoptotic cells in transgenic mSOD1 mice cannot undermine the importance of apoptosis in the death of motor neurons in this model of ALS. In addition, it should be made clear that our data do not exclude the contribution of a nonapoptotic mode of cell death such as necrosis in the overall demise of spinal cord motor neurons in affected transgenic mSOD1 mice, especially at end-stage.
It is also worth emphasizing that the small number of apoptotic neurons contrasts with the large increases in levels of activated caspases. In these animals, there are prominent morphological alterations in mitochondria (Kong and Xu, 1998) , suggesting that most of the activation of the caspases might be occurring in neuronal processes and synapses (Mattson and Duan, 1999) . Therefore, it is possible that the discrepancy between our immunohistochemical and enzymatic assay findings stems from the fact that the former method only looked at cell bodies whereas the latter looked at whole tissue, including neurons and neuropils.
During the cell death execution active caspase-3 cleaves several intracellular proteins (Thornberry and Lazebnik, 1998; Yang et al., 1998) . Although the relevance of certain of these cleaved molecules in the dying process is uncertain, their demonstration can serve as a cellular footprint of caspase-3 activation. In this vein, we have studied fractin, a product of caspase-3-related cleavage of ␤-actin, which correlates with the occurrence of apoptosis and of caspase-3 activation in different cell death settings (Yang et al., 1998; Suurmeijer et al., 1999) . In both early symptomatic and end-stage transgenic mSOD1 mice, we found numerous fractinimmunostained cells that were localized to the anterior horn of the spinal cord and that exhibited the exact same morphological characteristics as described above for active caspase-3-positive cells (see Fig. 4 ). This finding provides meaningful functional information, which allows one to conclude that caspase-3 activation may have real pathological consequences in this model of ALS.
Compared with end-stage transgenic mSOD1 mice, age-matched transgenic mSOD1/Bcl-2 mice not only were minimally symptomatic but had almost no caspase activation in the spinal cord (see Figs. 2, 3) . Thus, overexpression of Bcl-2 prevents the activation of both caspase-1 and -3 in the spinal cord of transgenic mSOD1 mice, which is consistent with the known central role of Bcl-2 in regulating caspase activation (Pettmann and Henderson, 1998) . Nevertheless, even in the presence of increased levels of Bcl-2, transgenic mSOD1/Bcl-2 mice eventually became paralyzed and had marked caspase activation in the spinal cord (see Figs. 2, 3) . Therefore, overexpression of Bcl-2, as previously noted (Kostic et al., 1997) , does not block but rather delays mSOD1-mediated deleterious effects. The transient nature of the Bcl-2 beneficial actions may be attributable to the fact that, during the neurodegenerative process, the fine-tuned balance between repressors and promoters of neuronal death is progressively upset, favoring the pro-neuronal death forces. Relevant to this is our demonstration that Bax, a Bcl-2 family member that promotes neuronal death (Merry and Korsmeyer, 1997) , is upregulated gradually in transgenic mSOD1 mice during the disease progression .
Collectively, our study provides compelling evidence for caspase activation in the transgenic mSOD1 mouse model of ALS. Given these findings, it may be proposed that the inhibition of caspase is a valuable target for the development of therapies for ALS aimed at slowing the progression of the neurodegenerative process. Major impetus for this view is found in our recent demonstration that the chronic infusion of a pan-caspase inhibitor provides marked beneficial effects in transgenic mSOD1 mice (Li et al., 2000) . However, this study also shows that the inhibition of caspases may not be sufficient to stop the disease. Accordingly, the ideal therapeutic approach for ALS may rely on the combination of anti-apoptotic compounds with other agents that have beneficial effects in this model of ALS, such as vitamin E, riluzole, and creatine (Gurney et al., 1996; Klivenyi et al., 1999) .
